Mature neurons in the adult peripheral nervous system can effectively switch from a dormant state with little axonal growth to robust axon regeneration upon injury. The mechanisms by which injury unlocks mature neurons' intrinsic axonal growth competence are not well understood. Here, we show that peripheral sciatic nerve lesion in adult mice leads to elevated levels of Tet3 and 5-hydroxylmethylcytosine in dorsal root ganglion (DRG) neurons. Functionally, Tet3 is required for robust axon regeneration of DRG neurons and behavioral recovery. Mechanistically, peripheral nerve injury induces DNA demethylation and upregulation of multiple regeneration-associated genes in a Tet3-and thymine DNA glycosylasedependent fashion in DRG neurons. In addition, Pten deletion-induced axon regeneration of retinal ganglion neurons in the adult CNS is attenuated upon Tet1 knockdown. Together, our study suggests an epigenetic barrier that can be removed by active DNA demethylation to permit axon regeneration in the adult mammalian nervous system.
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Mature mammalian neurons exhibit little axonal growth. Weng et al. uncovered an epigenetic mechanism wherein axonal injury elevates the active DNA demethylation pathway to induce regeneration-associated gene expression, which in turn promotes functional axonal regeneration of peripheral sensory neurons.
INTRODUCTION
Epigenetic DNA methylation marks are established during development and function as a basic mechanism to maintain stable cellular states via the silencing of gene expression upon terminal differentiation (Jaenisch and Bird, 2003; Ma et al., 2010) . Unlike developing neurons with robust growth capacity, mature mammalian neurons enter into a dormant growth state and maintain an intrinsic barrier to extensive axonal growth in the adult peripheral nervous system (PNS) and central nervous system (CNS) (Goldberg et al., 2002; He and Jin, 2016; Liu et al., 2011; Rossi et al., 2007; Zhou and Snider, 2006) . Interestingly, peripheral axon injuries switch adult dorsal root ganglion (DRG) neurons to a proregenerative state via de novo gene transcription (Costigan et al., 2002; Moore and Goldberg, 2011; Smith and Skene, 1997) . In the adult CNS, axon regeneration can also be induced, for example by deletion of PTEN in retinal ganglion neurons and corticospinal neurons (Liu et al., 2010; Park et al., 2008) . Previous studies have mostly focused on cytoplasmic signaling and transcription factor-based mechanisms to promote intrinsic axon growth capacity, mostly with manipulations of one or two genes at a time (Hammarlund and Jin, 2014; Liu et al., 2011; Moore and Goldberg, 2011; Tedeschi and Bradke, 2017) . Given that global and sustained gene induction is necessary for regenerative axonal growth to occur in injured neurons, epigenetic mechanisms could play a pivotal role in providing transcription factors access to developmentally silenced genomic loci and in orchestrating transcriptional reactivation of a large repertoire of regeneration-associated genes (RAGs) (Cho and Cavalli, 2014; Trakhtenberg and Goldberg, 2012; Weng et al., 2016; Wong and Zou, 2014) . Indeed, histone modifications, which are essential for the maintenance of barriers between transcriptionally active euchromatin and transcriptionally silent heterochromatin, have previously been implicated in PNS axon regeneration (Cho et al., 2013; Finelli et al., 2013; Gaub et al., 2011; Puttagunta et al., 2014) . Notably, regulation of histone acetylation via HDAC is essential for axon regeneration in the adult PNS but is not sufficient to activate the expression of several well-established RAGs, such as ATF3 and Smad1, therefore suggesting additional barriers (Finelli et al., 2013) .
Originally thought to be largely irreversible in fully differentiated cells, DNA methylation in neurons has recently been shown to be dynamically regulated during development and in response to physiological stimuli (Gr€ aff et al., 2011; Guo et al., 2011a; Lister et al., 2013; Shin et al., 2014b; Yao et al., 2016) . The reconfiguration of the neuronal methylome results from the orchestration of both DNA methylation and demethylation processes (Guo et al., 2011a) . Ten-eleven translocation methylcytosine dioxygenases (Tets) have been found to iteratively oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC), allowing cell-cycle-independent removal of DNA methylation Ito et al., 2011; Tahiliani et al., 2009) . Subsequent studies have shown that Tet-initiated DNA oxidation is followed by the thymine DNA glycosylase (TDG)-mediated base excision pathway to complete the demethylation process (Bellacosa and Drohat, 2015; Guo et al., 2011c; He et al., 2011; Ito et al., 2011) . Tet family members have been shown to be important for many biological processes including activity-regulated neuronal gene expression, synaptic transmission, and scaling, as well as memory formation and extinction (Feng et al., 2015; Kaas et al., 2013; Rudenko et al., 2013; Yu et al., 2015) . One very recent study showed increased 5hmC levels upon axotomy of adult DRG neurons (Loh et al., 2017) . However, little is known about the function of DNA methylation in axon regeneration (Iskandar et al., 2010; Puttagunta et al., 2014) . The identification of active DNA demethylation machinery provides an entry point to test the hypothesis that DNA demethylation serves as a fundamental mechanism to globally reprogram the cellular state of mature mammalian neurons to permit axonal regeneration.
RESULTS

Peripheral Axon Injury of Adult DRG Neurons Induces Elevation of 5hmC Levels
To screen for epigenetic factors that exhibit responsiveness to axonal injury, we first performed qPCR analysis of known DNA demethylation mediators, including Tet1-3, Apobec1-3, Gadd45a, Gadd45b, Gadd45g, and Tdg (Guo et al., 2011b) , in adult DRGs of naive mice and upon sciatic nerve lesion (SNL). Consistent with a previous report (Befort et al., 2003) , SNL robustly elevated the expression of Gadd45a, a regulator of active DNA demethylation (Ma et al., 2009 ) on day 1 (D1) (Figure S1A) . Interestingly, Tet3 expression, but not Tet1 and Tet2, was also induced ( Figure S1A ). In situ analysis showed little Tet1 or Tet2 expression in the adult DRG ( Figure S1B ). Analysis using a mouse reporter line, which expresses GCaMP3 from the endogenous Pirt locus and labels 95% of neurons (but not glia) in the adult DRG (Kim et al., 2016) , showed Tet3 induction by SNL to be neuron-specific ( Figure 1A ). We confirmed Tet3 upregulation at the protein level by western blot ( Figure S1C ). Time course analysis by qPCR showed that Tet3 expression reached its peak at SNL D3 and returned to basal levels by D14 ( Figure 1C) . Pharmacological experiments revealed that Tet3 induction in the DRG was attenuated by the Ca 2+ chelator BAPTA-AM and KN93, an inhibitor of CaMKII, but not KN92, an inactive analog ( Figure S1D ). It is known that Ca 2+ is propagated from injured axons back to DRG neuronal nuclei (Cho et al., 2013 ; Rishal Values represent mean ± SEM (n = 3 for each group; *p < 0.05; two-way ANOVA). (C) Sample confocal image of immunostaining for GFP, 5hmC, glutamine synthetase, a marker for glia, and DAPI in DRGs of adult Pirt-GCaMP3 neuronal reporter mice under naive conditions and at SNL D1. Scale bar, 50 mm. (D) Quantification of 5hmC levels at different time points after SNL. The signal intensity in NeuN + neuronal nuclei of naive L4 DRGs was set as 1.0 and 100-180 neuronal nuclei from each condition in three independent experiments were quantified. Values represent mean ± SEM (n = 3 for each group; ***p < 0.001; two-way ANOVA). (E and F) Immunohistochemical analysis of 5hmC levels in Ctrl and Tet3 KD DRG neurons under naive conditions and at SNL D1. Shown are sample images (E) (scale bar, 20 mm) and quantification (F). Similar to (D). Values represent mean ± SEM (n = 3 for each group; ***p < 0.001; two-way ANOVA).
and Fainzilber, 2014), therefore our results suggest a model wherein Tet3 expression is induced by retrograde Ca 2+ signaling from injured axons. Consistent with a role of Tet proteins in oxidizing 5mC to its derivatives, 5hmC levels were increased in Pirt-GCaMP3 + DRG neurons at SNL D1 ( Figure 1C ). Quantitative dot-blot analysis of semi-purified DRG neurons confirmed the global increase of 5hmC levels, suggesting large-scale epigenetic changes after SNL ( Figure S1E ). Time course analysis showed that 5hmC levels gradually increased until SNL D3 and returned to basal levels by D21 ( Figures 1D and S1F ).
To investigate the molecular mechanism underlying injuryinduced elevation of 5hmC levels, we infected DRGs via targeted intrathecal AAV2/9-GFP injection, which labeled over 70% of all neurons in L4/5 DRGs and their sciatic nerve axons (Figures S1G and S1H) . Using previously characterized small hairpin RNA (shRNA) (Yu et al., 2015) , we found that induction of 5hmC levels in GFP + DRG neurons at SNL D1 was abolished upon Tet3 knockdown (KD) (Figures 1E and 1F) , suggesting that Tet3 is responsible for the increased 5hmC levels upon SNL.
Tet3 Is Required for Functional Axon Regeneration of Adult DRG Neurons
To examine the potential functional role of Tet3 in injury-induced axonal regeneration, we first used an in vitro neurite outgrowth assay with primary neurons from adult mouse DRGs. Cultures were infected with AAV2/9 to co-express GFP and shRNA against Tet1, Tet2, or Tet3, followed by re-plating to mimic axotomy ( Figures S2A and S2B ). We found that Tet3 KD, but not Tet1 or Tet2 KD, reduced the number and the total neurite length of neurite-bearing neurons ( Figures S2C-S2E) .
We next assessed the in vivo role of Tet3 in functional axon regeneration of adult DRG neurons after SNL via intrathecal AAV2/9 injection-mediated expression of GFP and shRNA (Figures S1G and S1H) . Regenerating sensory axons were identified by SCG10 immunostaining (Shin et al., 2014c) (Figure 2A ). We found that the extension of SCG10 + axons was significantly decreased upon Tet3 KD compared to control animals at SNL D3 ( Figure 2B ). To validate these results, we directly examined regeneration of GFP + axons at SNL D7 when pre-existing lesioned axons were fully degenerated (Di Maio et al., 2011; Shin et al., 2012) . We quantified the number of regenerating GFP + axons in coronal sections at incremental distances from the lesion site ( Figure S2F ). We did not detect any differences in axonal morphology or numbers upon Tet3 KD in the absence of SNL ( Figures S2G and S2H ). In contrast, there was a significant reduction of axonal growth in Tet3 KD animals at SNL D7 compared to animals injected with control shRNA (Ctrl; Figures  2C and 2D) . Notably, over 45% of Tet3 KD neurons failed to extend axons 1 mm or more beyond the lesion site compared to only 17% of Ctrl neurons ( Figure 2E ). Conversely, over 62% of Ctrl neurons extended axons over 6 mm from the lesion site compared to only 33% of Tet3 KD neurons ( Figure 2E ). There were few cleaved caspase3 + neurons in the DRG under all conditions ( Figure S2I ), ruling out the potential contribution of cell death to observed deficits in axon regeneration. Regenerating axons of sciatic nerves extend to the epidermis and start to re-innervate the skin of the hind paw $2-3 weeks after injury. Analysis of skin biopsies showed no GFP + sensory axon innervation to the epidermis of the hind paw at SNL D7, indicating effective degeneration of preexisting mature axons of both Ctrl and Tet3 KD neurons ( Figures S2J and S2K) . At SNL D21, innervation to all three epidermal zones by GFP + regenerating axons of Tet3 KD neurons was significantly reduced, but no difference was observed in naive neurons with or without Tet3 KD ( Figures 2F and 2G ). These results suggest that Tet3 is required for regenerative axonal growth and re-innervation of target areas of the sciatic nerve.
To assess the functional outcome, we performed behavioral tests to quantify the latency of heat-evoked hind paw withdrawal (Wright et al., 2014) . Both Ctrl and Tet3 KD animals exhibited similar response latencies to radiant thermal stimulus at SNL D1 and D7 ( Figure 2H ). Starting from SNL D14, the withdrawal latency gradually recovered in the Ctrl group, but only minimally in Tet3 KD animals ( Figure 2H ). Together, these results establish that injury-induced Tet3 upregulation plays an essential role in functional sensory axon regeneration of adult DRG neurons.
Tet3 Regulates Expression of RegenerationAssociated Genes
To investigate the molecular mechanism underlying Tet3-dependent axon regeneration, we assessed whether Tet3 regulates the expression of known RAGs. qPCR analysis of DRGs at SNL D1 showed that induction of a subset of RAGs was significantly attenuated by Tet3 KD, including ATF3, Smad1, STAT3, and c-Myc (Costigan et al., 2002; Moore and Goldberg, 2011; Smith and Skene, 1997) (Figure 3A) . Interestingly, Tet3 KD also led to decreased expression of some RAGs in naive DRG neurons, including Smad1 and STAT3 ( Figure 3A) . Thus, Tet3 regulates expression of multiple RAGs both under basal conditions and upon injury.
ATF3 is one of the most robustly induced genes by SNL and has been shown to enhance peripheral nerve regeneration by increasing the intrinsic growth competence of adult DRG neurons (Fagoe et al., 2015; Seijffers et al., 2007) . We therefore focused on ATF3 for in-depth analyses. Consistent with a previous finding (Seijffers et al., 2007) 3D ). The impairment was not due to a delay of ATF3 induction, as the defect persisted through SNL D7 ( Figure 3D ). Quantitative immunohistological analysis revealed similar levels of phosphoc-Jun in Ctrl and Tet3 KD neurons at SNL D7 (Figures S3A and S3B) , suggesting an intact retrograde axonal injury signaling that triggers accumulation of nuclear phospho-c-Jun via the JNK pathway (Rishal and Fainzilber, 2014) .
Tet3 Function Is Required for DNA Demethylation of RAGs
To understand how Tet3 regulates the expression of RAGs, we first asked whether SNL induces demethylation of RAGs in adult DRG neurons in vivo. Because the whole DRG contains many times more glial cells than neurons (Delree et al., 1989; Thakur et al., 2014) , we enriched neuronal nuclei using a sucrose cushion method (Kozlenkov et al., 2014) . We initially used methylation-sensitive restriction enzyme cutting coupled with qPCR to screen CC m GG sites and quantify their methylation levels (Guo et al., 2011a) . While the ATF3 promoter was not methylated, multiple CC m GG sites in the gene body and distal enhancer regions (DE1-DE4) were hypermethylated and exhibited a significant decrease in methylation levels upon SNL at D1 ( Figure S3C ). One recent study showed that injuries upregulate c-Myc expression in DRGs but not in retinal ganglion cells (RGCs), and forced c-Myc expression promotes axon regeneration of RGCs after optic nerve injury (Belin et al., 2015) . Interestingly, significant DNA demethylation was also observed at putative c-Myc distal enhancer sites ( Figure S3D ). To ensure that DNA demethylation indeed occurred in neurons, we performed bisulfite-sequencing from NeuN + nuclei purified by fluorescence-activated cell sorting (FACS). We found a sig- nificant decrease in methylation levels at multiple CpG sites within DE1-DE2 regions of ATF3 at SNL D1 ( Figure S3E ). In contrast, we did not observe any demethylation within the GAP43 loci from the same neuronal samples ( Figure S3F ). Therefore, injury-induced DNA demethylation in adult DRG neurons appears to be region-specific.
To determine the specific role of Tet3 in injury-induced DNA demethylation, we engineered AAV to co-express H2B-GFP and shRNA in adult DRGs in vivo and FACS-purified eight groups of NeuN + nuclei: GFP À uninfected neurons or GFP + neurons expressing either Ctrl-shRNA or Tet3-shRNA, under either naive or SNL D1 conditions ( Figure 3E ). Due to the limited material for bisulfite-sequencing analysis, we focused on the ATF3 DE1 region. Quantitative analysis from three independent experiments showed that SNL induced significant DNA demethylation in both GFP + and GFP À neurons following injection of AAV expressing Ctrl-shRNA and GFP ( Figures 3E and 3F ). In contrast, upon injection of AAV expressing Tet3-shRNA and GFP, GFP + neurons showed minimal changes in methylation levels, whereas GFP À neurons still exhibited SNL-induced demethylation at these CpG sites from the same DRGs ( Figures 3E and 3F) . Furthermore, chromatin immunoprecipitation (ChIP) analysis using anti-Tet3 antibodies showed enriched Tet3 binding at the DE1 and DE2 regions of the ATF3 gene, which was further enhanced upon SNL (Figure 3G) . We also observed similar binding properties of Tet3 to the c-Myc locus but not to the GAP43 locus ( Figure 3G ). Together, these results suggest a model wherein peripheral nerve injury leads to enhanced recruitment of Tet3 to methylated CpG sites of enhancers of RAGs followed by demethylation of these CpG sites, resulting in upregulated gene expression.
TDG Coordinates with Tet3 to Regulate RAG Expression and Axon Regeneration
Tet family proteins have been shown to exert functions independent of DNA demethylation activity (Chen et al., 2013; Williams et al., 2011) . In addition, 5hmC has been proposed as a signaling (G) ChIP-qPCR analysis of Tet3 binding to different genomic regions that were also examined for DNA methylation levels (as shown in Figure S3C ). Values represent mean ± SEM (n = 3 for each group; *p < 0.05; two-way ANOVA).
mechanism itself via its binding partners (Iurlaro et al., 2013; Mellé n et al., 2012; Spruijt et al., 2013) . Transient elevation of 5hmC upon injury is consistent with its role as an intermediate of active DNA demethylation ( Figure 1D ). We further examined the role of TDG, a critical downstream mediator of active DNA demethylation (Bellacosa and Drohat, 2015; Wu and Zhang, 2014; Cortellino et al., 2011) (Figure S4A ), in SNL-induced intrinsic axon regeneration competence. Upon TDG KD (Figure S4B) , axonal regeneration was significantly reduced at SNL D7 ( Figures 4A and 4B) . We confirmed our results via AAV-mediated co-expression of GFP and Cre in DRGs of adult Tdg f/f mice ( Figures 4C and 4D) .
To investigate further whether Tet3 and TDG share the same molecular mechanisms in regulating axon regeneration, we evaluated the expression of known RAGs in TDG KD samples. SNL-induced ATF3 expression was attenuated in TDG KD neurons at both SNL D1 and D7, similar to the effect of Tet3 KD (Figures 4E and 4F ). qPCR analysis of DRGs at SNL D1 showed that TDG KD attenuated the induction of a similar subset of RAGs as Tet3 KD ( Figure 4G ). Tet proteins generate 5hmC, 5fC, and 5caC through iterative oxidation of 5mC, whereas TDG excises 5fC and 5caC to initiate base-excision repair to complete the DNA demethylation process ( Figure S4A ). While Tet3 KD blocked SNL-induced 5hmC level increases ( Figure 1F ), TDG KD led to a further increase of 5hmC levels at SNL D7 ( Figures S4C and  S4D ). These results suggest that the complete DNA demethylation process, not SNL-induced 5hmC increase alone, primarily mediates the induction of RAGs and unlocks the axonal growth capacity of mature DRG neurons.
Tet1 Is Involved in PTEN Deletion-Induced Retinal Ganglion Neuron Axon Regeneration
To assess whether active DNA demethylation is also required for axon regeneration in the adult CNS, we employed the model of PTEN deletion-induced axon regeneration of RGCs in adult mice (Park et al., 2008) . We co-expressed Cre and shRNA for Tet1, Tet2, or Tet3, in adult RGCs, followed by axotomy and axonal labeling (Park et al., 2008) . Interestingly, expression of shRNA-Tet1, but not shRNA-Tet2 or shRNA-Tet3, attenuated axonal regeneration of RGCs in comparison to the shRNAcontrol ( Figure 5 ). Therefore, Tet signaling is also required for induced axon regeneration in the adult CNS with the specific involvement of Tet1. 
DISCUSSION
In addition to the extrinsic barrier imposed by the inhibitory environment (He and Koprivica, 2004; Silver et al., 2014) , poor intrinsic growth capacity of mature CNS neurons is a major contributing factor to regeneration failure . Therefore, defining how injured mature PNS neurons switch to a pro-regenerative state may not only reveal the basic biology of mature mammalian neurons, but may also suggest novel therapeutic strategies for promoting axon regeneration within both the PNS and CNS. Our results support a model wherein peripheral nerve injury, via retrograde Ca 2+ signaling, upregulates Tet3 expression and the active DNA demethylation pathway, which in turn removes an intrinsic barrier to the expression of an ensemble of RAGs and to functional axon regeneration of mature PNS neurons in vivo ( Figure S5 ). Our initial study also suggests a similar intrinsic epigenetic barrier of DNA methylation for induced axon regeneration in the adult CNS.
Large-scale and long-lasting changes in the expression of RAGs after injury have been associated with the regenerative capacity of mature PNS neurons. Epigenetic mechanisms, such as DNA demethylation, are well-suited to orchestrate transcriptional re-activation of a large repertoire of RAGs over an extended period of time. Many RAGs, including ATF3 and c-Myc, exhibit developmentally regulated expression patterns and diminished expression in mature neurons ( Figure 3A) , which might be maintained via DNA methylation. Indeed, we found that at putative enhancer regions of both ATF3 and c-Myc, multiple loci are hypermethylated in mature DRG neurons under basal conditions and associated with very low expression levels. Upon SNL injury, there is an enhanced binding of Tet3 to these regions, accompanied by demethylation and induced gene expression. How Tet3 is targeted to these specific regions and how its binding is enhanced upon injury remain to be determined. One recent study published during the revision of this paper profiled 5hmC from the whole adult mouse DRGs and found large-scale changes, including regions associated with RAGs (Loh et al., 2017) . Interestingly, peripheral injury triggers differential 5hmC changes that are associated with distinct signaling pathways compared to injury of the central branch of DRG neurons, which does not result in axon regeneration. Because of tremendous cellular heterogeneity in the adult mouse nervous system, genome-wide methylation and hydroxymethylation analysis of a particular neuronal type of limited quantity in vivo remains a technical challenge (Shin et al., 2014a) . Here, we purified DRG neurons from adult mice and focused on a few candidate genes as a proof of principle. Future technological developments may enable analysis of DNA methylomes in very small populations of defined cell types and contribute to a more comprehensive understanding of 5hmC/5mC dynamics in the regulation of RAG expression in neurons.
Tet function and DNA demethylation have been shown to promote other cellular reprogramming processes, such as reprogramming of somatic cells into pluripotency, although expression of Tet proteins alone is not sufficient (Bagci and Fisher, 2013) . Here, we show that DNA demethylation removes one of the major barriers for axon regeneration, but it is likely not sufficient to switch mature neurons from a dormant state to an active axonal growth state. Instead, DNA demethylation may coordinate with other epigenetic mechanisms (Trakhtenberg and Goldberg, 2012) , such as histone acetylation, which has been shown to promote PNS axon regeneration (Cho et al., 2013; Finelli et al., 2013; Gaub et al., 2011; Puttagunta et al., 2014) . Interestingly, enhancing histone acetylation using HDAC inhibitors is not sufficient to turn on the expression of ATF3 and Smad1 in adult DRGs (Finelli et al., 2013) , two genes that we found to be regulated by Tet3 and TDG ( Figures 3A and 4G) . Future studies will address how different epigenetic mechanisms coordinate to reactivate the robust axonal growth state. Notably, Tet proteins are known to interact with multiple chromatin regulators to modulate gene expression (Chen et al., 2013; Deplus et al., 2013; Perera et al., 2015) .
In summary, our study identifies DNA methylation as an intrinsic barrier for functional regeneration of mature mammalian neurons. Different from recent studies of cell identity reprogramming (Arlotta and Berninger, 2014) , our finding of a critical role of an epigenetic DNA modification mechanism in reprogramming mature neurons to an axon regeneration-competent state, without altering cell identity, extends the classic concept of reprogramming and may have broad implications for regenerative medicine.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Animal Facilities, as certified by the Animal Care and Use Committee of Johns Hopkins University and were the same for all mouse lines used in this study. No procedures were performed outside of the experiments listed specifically in this study. Experimental and control mice were male littermates housed together before the experiment.
METHOD DETAILS AAV constructs
Control shRNA and shRNAs for mouse Tet1, Tet2, and Tet3 were previously characterized (Guo et al., 2011c; Yu et al., 2015) . Tet3 shRNA efficacy was further validated by Q-PCR in DRG neurons in vitro and in vivo ( Figures S2B and 3A) . shRNA for mouse TDG contained the following short-hairpin sequence: AAATGTCAGGAAGAGTCTTGG and its efficacy was validated by Q-PCR in DRGs in vivo ( Figure S4B ). High titers of recombinant AAV2/9 virus transducing shRNA were generated as previously described (Guo et al., 2011c; Song et al., 2012) . In addition, the recombinant AAV2/9 vector for Cre was purchased from the UPenn Vector Core.
DRG cultures and neurite outgrowth assay
For cell culture experiments ( Figure S2A -E), lumbar DRGs from adult mice were rapidly dissected and digested in a solution of Collagenase II (200 U/mL, Worthington Biochemical Corporation, Lakewood, NJ) and Dispase II (2.5 U/mL, Roche Diagnostics) in HBSS at 37 C for 30 min. Tissues were then mechanically dissociated into cell suspension by gentle trituration with a 1 mL pipette tip. Cell suspension was layered on a BSA cushion (10% w/v in F12/MEM) and centrifuged at 600 g for 15 min to remove myelin and axon debris. Purified neurons were then cultured on laminin-coated coverslips in F12/MEM media complemented with 10% FBS and penicillin-streptomycin at 37 C. Cultures were infected with AAV co-expressing GFP and different shRNAs for 5 days. Cultures were then trypsinized (0.025% Trypsin-EDTA) for 5 min at 37 C, gently triturated in fresh medium with 10% FCS, and cultured for additional 16 hr. Cells were fixed with 4% PFA and neurites were visualized by immunostaining of b-tubulin (Tuj1; Sigma, 1:1000). The percentage of neurons bearing neurites was quantified by counting those with neurites longer than the diameter of its soma. The length of the longest neurite in each cell was measured in neurite-bearing neurons using the NeuronJ software. Approximately 150 cells were scored per condition and three independent sets of experiments were performed.
For the pharmacological experiments ( Figure S1D ), lumbar vertebrae were rapidly dissected and treated with BAPTA-AM (50 mM), KN92 or KN93 (10 mM) in DMEM/F12 media for 1 hr at 37 C in a humidified atmosphere containing 5% CO 2 . Total RNA were then isolated from DRGs using TRIzol and RNA Clean and Concentrator (Zymo Research) for the subsequent Q-PCR assay.
Animal surgery
For intrathecal injection of AAV2/9 viruses, adult mice were anesthetized and shaved to expose the skin around the lumbar region. A total of 3 mL of viral solution was injected to cerebrospinal fluid between vertebrae L5 and L6 using a 30 gauge Hamilton syringe ( Figures S1G and S1H ). The injection needle was left in place an additional 2 min to allow the fluid to diffuse. Mice were left to recover for 3 weeks to ensure substantial viral expression prior to behavioral or surgical procedures.
For SNL, mice were anesthetized and a small incision was made on the skin at the mid-thigh level. The sciatic nerve was exposed after opening the fascial plane between the gluteus superficialis and biceps femoris muscles. The nerve was carefully freed from surrounding connective tissue and then crushed for 15 s at 3 clicks of ultra-fine hemostatic forceps (F.S.T. 13021-12). The crush site was labeled by stitching a 10-0 nylon suture through the epineurium. Skin was then closed with two suture clips. For the sham surgery, the sciatic nerve in the contralateral side was exposed and mobilized but left uninjured. For the thermal withdrawal test and skin biopsy experiments, the saphenous nerve was ligated and transected above the knee region after sciatic nerve crush, so that the hind paw epidermis can only be innervated by regenerating sciatic nerve axons ( Figure S2J ).
Behavioral analysis
The thermal withdrawal behavioral test was performed following a previously established protocol (Wright et al., 2014) . Briefly, mice were placed on a glass surface with a consistent temperature of 30 C. The plantar surface of hind paw was tested using a focused, radiant heat light source (model 33 Analgesia Meter; IITC/Life Science Instruments, Woodland Hills, CA, USA). A timer linked to the light source was used to measure the paw-withdrawal latency. Only quick hind paw movements away from the stimulus were considered to be a withdrawal response, and seven individual measurements were repeated for each paw.
In situ hybridization
In situ hybridization was performed on PFA-fixed DRG sections (20 mm thickness) as described previously (Jang et al., 2013; Ma et al., 2009) . Digoxigenin-labeled antisense riboprobes specific for the coding sequences of mouse Tet1 (3353-3860 bp), Tet2 (2808-3366 bp) and Tet3 (4977-5616 bp) were generated using the DIG RNA labeling kit (Roche Applied Science) according to the manufacturer's instructions. DRG sections were hybridized with riboprobes at 60 C overnight, and then washed once in 5X SSC and three times in 0.2X SSC for 30 min each at 60 C. DRG sections were incubated with alkaline phosphatase-conjugated anti-digoxygenin antibody at 4 C overnight and developed in nitroblue tetrazolium (NBT, 35 mg/ml)/5-bromo-4-chloro-3-indolyl phosphate (BCIP, 18 mg/ml) solution at room temperature to visualize hybridized riboprobes. Experiments for different conditions were processed in parallel for comparison. For the combined immunocytochemistry and fluorescence in situ ( Figure 1A) , the same in situ procedure was followed as above with the following exceptions. First, an RNA probe was generated and conjugated to alexa fluor 594 (FISH Tag #F32954). Second, in situ hybridization was followed by immunostaining for GFP (goat anti-GFP Rockland; 1:500), incubated at 4 C overnight and followed by a two-hour room temperature incubation of cy2-conjugated secondary (Jackson ImmunoResearch; 1:500).
Western blot analysis L4/L5 injured or naive DRGs were rapidly dissected and extracted protein samples were run on 4%-16% Mini-PROTEANÒ TGX Precast Protein Gels (Bio-rad) and transferred to PVDF membrane using the transblot turbo system (Biorad) following manufacturer's instructions. The membrane was blocked overnight in 5% dry milk at 4 C with rocking. Anti-Tet3 antibodies (Abiocode; 1:1000) were applied overnight at 4 C followed by HRP-conjugated mouse anti-mouse IgG antibody (Santa Cruz; 1:4000). Protein loading was verified by mouse anti-GAPDH.
Gene expression and methylation analyses
For Q-PCR analysis, L4 and L5 DRGs were rapidly dissected from adult mice and homogenized with Trizol (invitrogen) to extract total RNA. Isolated RNA was reverse transcribed to cDNA (Invitrogen) and the expression level of target genes was measured by Q-PCR with Fast SYBR Green Master Mix (ABI). Specific primers used in this study are listed in Table S1 .
A restriction enzyme-based methylation assay was performed to quantify levels of DNA methylation at select loci in mouse DRG DNA as previously described (Guo et al., 2011a (Guo et al., , 2014 . Briefly, 500 ng of genomic DNA from neuronal nuclei enriched by a sucrose cushion method were digested with MspI, HpaII or mock for 8 hr at 37 C. The reaction was stopped by treatment of proteinase K for 10 min at 40 C and heat-inactivation for 5 min at 95 C. DNA samples were then diluted by ddH 2 O to 150 mL final volume and were assayed by Q-PCR (Applied Biosystems 7500) using Power SYBRÒ Green PCR Master Mix (Applied Biosystems). Primers flanking specific HpaII digestion sites (CCGG) are listed in Table S1 .
In vivo DRG axon regeneration assay Adult mice were anaesthetized and perfused with 4% PFA in PBS. For cross-section analyses, the sciatic nerve was harvested at 7 days after crush when degeneration of pre-existing axons of mature neurons was complete (Di Maio et al., 2011; Shin et al., 2012) . DRGs were dissected and post-fixed in fixative at 4 C for 5 min and the sciatic nerve was post-fixed overnight, and then cryoprotected in 30% sucrose (wt/vol) for 24 hr at 4 C. The nerve was sectioned into 10 mm thickness at every 1 mm from 1 mm proximal to injury site (À1) to 6 mm distal to injury site. The sectioned nerves were stained with anti-GFP antibody and the total number of axons was quantified at each distance by using ImageJ software. The section 1 mm proximal to injury site served as control and the axon number in other sections was normalized to the control for each animal to assess the regeneration rate.
For the longitudinal sections assay, sciatic nerves were dissected at SNL D3 and postfixed with 4% PFA. Longitudinal sections were stained with SCG10 (Novus Biologicals, NBP1-49461). SCG10 fluorescence intensity was measured by NIH ImageJ along the distance as previously described (Di Maio et al., 2011; Shin et al., 2012 ). An SCG10 intensity plot was drawn with average intensities calculated from non-overlapping 10 mm regions and normalized to that observed at the crush site.
Immunohistology Immunohistology was performed as described previously (Duan et al., 2007) . The slides were incubated with primary antibodies at 4 C overnight. Primary antibodies used in this study include: mouse anti-Tuj1 (Sigma; 1:1000 or BioLegend; 1:2000), mouse anti-phospho-c-Jun (Cell Signaling; 1:300), rabbit anti-5hmC (Active Motif; 1:5000), rabbit anti-ATF3 (Santa Cruz; 1:500), rabbit anti-PGP9.5 (AbD Serotec; 1:800), goat anti-GFP (Rockland; 1:500), mouse Anti-NeuN (Millipore; 1:500), mouse anti-Glutamine Synthetase (Santa Cruz sc-74430; 1:300), rabbit anti-SCG10 (Novus Biologicals, NBP1-49461, 1: 2000) , and anti-cleaved (active) form of caspase 3 (Invitrogen, 9H19L2; 1:500). Cy2-, Cy3-or Cy5-conjugated secondary antibodies (Jackson ImmunoResearch; 1:500) to appropriate species were incubated at room temperature for 2 hr. The images were acquired by confocal microscopy (Zeiss 710).
Images were analyzed with ImageJ software (National Institutes of Health). Quantification of the proportion of ATF3 or p-c-Jun expressing DRG neurons was determined by counting the number of immunoreactive (with nuclear signal) and non-immunoreactive (without nuclear signal) neurons. The cutoff value for determining the threshold of immunoreactivity was based on the negative cells in naive samples processed in parallel. All cells with fluorescence signal above threshold were considered positive. At least 50 GFP + DRG neurons per mouse were counted on randomly chosen sections from L4 and L5 DRGs.
For skin biopsies, glabrous footpad skin from hind paws was harvested by punch biopsy ( Figure S2J ). The biopsy was immersionfixed in Zamboni's fixative overnight at 4 C, and cryoprotected in 30% sucrose. The specimens were then sectioned at 20 mm, mounted on gelatin coated slides and stained with rabbit anti-PGP9.5 antibody to visualize nerve fibers. To quantify regenerative nerve fibers, we defined 3 zones based on the structure of skin ( Figure 2F ). Zone 1 is the dermis layer where the subepidermal nerve plexus length (SNPL) was determined and divided by the length of epidermis. Zone 2 and Zone 3 are defined based on the boundary between stratum granulosum (SG) and stratum spinosum (SS) sub-layers in epidermis ( Figure 2F ). The density of epidermal nerve fibers was measured by counting numbers of nerve fibers per mm of epidermis. Nerve fibers branching within Zone 3 were counted as one, whereas nerve fibers branching within Zone 2 were counted separately.
Neuronal nuclei isolation
For 5hmC quantification, we enriched DRG neurons with a sucrose cushion method (Kozlenkov et al., 2014) . Briefly, frozen DRG tissues were ground into fine powder in a dry ice/ethanol cooling bath and homogenized in 3 mL of hypotonic buffer containing 20 mM Tris-HCl (pH 7.4), 10 mM NaCl, and 3 mM MgCl 2 . Samples were then suspended in nuclei resuspension buffer containing 3 mM MgCl 2 , 5 mM CaCl 2 , 10 mM Tris-HCl (pH7.5), 0.5 mM DTT, 1x proteinase inhibitor (Roche), and 0.32 M sucrose. The crude nuclei were layered onto a sucrose cushion buffer containing 0.5 mM MgCl 2 , 0.5 mM DTT, 1x proteinase inhibitor, and 0.88 M sucrose, and centrifuged at 2800 g for 15 min at 4 C to enrich the neuronal nuclei population. The neuronal nuclei were then resuspended in nuclei resuspension buffer for cytometry analysis or methylation sensitive Q-PCR analysis.
5hmC dot blot analysis Dot blot analysis of 5hmC was performed as previously described (Guo et al., 2011c; Yu et al., 2015) . Briefly, genomic DNA samples from different treatment groups were adjusted to a concentration of 100 ng/ml, heat-denatured at 95 C for 5 min, and chilled on ice for 1 min. Samples were applied to Hybond-N+ membranes (GE Healthcare), and then cross-linked by a UV stratalinker 1800 (Stratagene). Membranes were blocked by 5% dry milk (wt/vol), and incubated with anti-5hmC antibody (Active Motif; 1:5,000) followed by HRP-conjugated donkey anti-rabbit IgG antibody (Santa Cruz; 1:1000). Signal was visualized by SuperSignal West Pico Chemiluminescent Substrate (Thermoscientific).
Bisulfite sequencing
Bisulfite sequencing analysis was performed as previously described (Ma et al., 2009) . Briefly, genomic DNA was bisulfite converted using commercial reagents (Zymo Research). The converted DNA was then used as a template for PCR amplification of regions of interest with specific primers (listed in Table S1 ). PCR products were gel-purified and cloned into the pCR 2.1 TOPO vector (Invitrogen). Individual clones were sequenced and aligned with the reference genomic sequence.
ChIP analysis
Freshly dissected DRGs were cut into fine pieces and incubated in 1% formaldehyde (Sigma) in Dulbecco's PBS (DPBS) for 15 min at room temperature with continuous rocking. 0.125 M glycine was added to the solution and incubated for 5 min to quench cross-links. After washing twice with ice-cold DPBS, tissue pieces were resuspended in cell lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, and 1% SDS), homogenized using a Dounce homogenizer (Kimble Chase) and then incubated on ice for 30 min. The samples were sonicated by a Bioruptor plus (Diagenode) for 25 cycles (30 s on, 30 s off) at the high intensity setting. After centrifugation, the supernatant was diluted 10 times in IP dilution buffer (0.01% SDS, 1.1% Triton X-100, 16.7 mM Tris-HCl pH 8.0, 1.2 mM EDTA, and 167 mM NaCl). Anti-Tet3 or rabbit IgG (3 mg; Cell Signaling 2729) antibodies were added and incubated at 4 C overnight. Protein G Dynabeads (Life Technologies) were then added to the samples and incubated at 4 C for 2 hr. The beads were washed twice with low-salt wash buffer (0.1% SDS, 0.1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 8.0, and 150 mM NaCl), twice with high-salt wash buffer (0.1% SDS, 0.1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 8.0, and 500 mM NaCl), twice with IP wash buffer (1% deoxycholic acid, 1% Igepal, 100 mM Tris pH 9.0, and 500 mM LiCl) and twice with TE buffer (10 mM Tris-HCl pH8.0 and 1 mM EDTA). Freshly made elution buffer (1% SDS and 0.1 M NaHCO 3 , pH 8.0) was added to the beads, and chromatin was eluted at 65 C in a thermomixer for 1 hr. After removing beads, crosslinking was reversed in 0.3 M NaCl solution at 65 C overnight. Proteinase K (NEB) was then added to the decrosslinked chromatin solution and incubated for an additional 2 hr at 55 C. The eluted DNA fragments were extracted using phenol:chloroform:isoamyl alcohol (25:24:1) and precipitated by isopropanol and glycogen. Region-specific primers for Q-PCR are listed in Table S1 .
Optic nerve injury and quantification
The procedure was performed as previously described (Park et al., 2008) . Briefly, Individual AAV-shRNA for Ctrl, Tet1, Tet2, and Tet3 was mixed with AAV-Cre and intravitreally injected to the left eyes of adult PTEN f/f mice. Two weeks after viral injection, the left optic nerve was exposed intraorbitally and crushed with jeweler's forceps (Dumont number 5; Roboz) for 5 s, approximately 1 mm behind the optic disc. To visualize regenerating axons, RGC axons in the optic nerve were anterogradely labeled by 1 ml of cholera toxin b subunit (CTB; 2 mg/ml; Invitrogen) 12 days after injury. Animals were fixed by 4% PFA 2 days after CTB injection in the eye. Quantification of regenerating axons was also performed according the previously described method (Park et al., 2008) . Specifically, for each animal the number of CTB labeled axons was estimated by counting the number of CTB-labeled fibers extending different distances from the end of the crush site in 5 sections (every 4 th section) per animal. The cross-sectional width of the nerve was measured at the point at which the counts were taken and was used to calculate the number of axons/mm of nerve width. The number of axons/mm was then averaged over all sections. Sad, the total number of axons extending distance d in a nerve having a radius of r, was estimated by summing over all sections having a thickness t (8 mm): Sad = pr2 x [average axons/mm]/t.
QUANTIFICATION AND STATISTICAL ANALYSIS
The studies were not blind in data collection. Data in figure panels reflect several independent experiments performed on different days. The number of experiments for each experimental group is indicated in the figure legends. No data was excluded. For some quantification, data was normalized as indicated in figure legends. An estimate of variation within each group of data is indicated using standard error of the mean (SEM). We performed two-way ANOVA tests for assessing the significance of differences between two treatments (See each figure for details). For comparing numbers of methylated and unmethylated cytosines from different conditions, Fisher's exact tests were performed.
DATA AND SOFTWARE AVAILABILITY
See the Key Resources Table. 
